This study investigates the effects of continuum breakdown on the surface aerothermodynamic properties ͑pressure, stress, and heat transfer rate͒ of a sphere in a Mach 25 flow of reacting air in regimes varying from continuum to a rarefied gas. Results are generated using both continuum ͓computational fluid dynamics ͑CFD͔͒ and particle ͓direct simulation Monte Carlo ͑DSMC͔͒ approaches. The DSMC method utilizes a chemistry model that calculates the backward rates from an equilibrium constant. A preferential dissociation model is modified in the CFD method to better compare with the vibrationally favored dissociation model that is utilized in the DSMC method. Tests of these models are performed to confirm their validity and to compare the chemistry models in both numerical methods. This study examines the effect of reacting air flow on continuum breakdown and the surface properties of the sphere. As the global Knudsen number increases, the amount of continuum breakdown in the flow and on the surface increases. This increase in continuum breakdown significantly affects the surface properties, causing an increase in the differences between CFD and DSMC. Explanations are provided for the trends observed.
I. INTRODUCTION
A hypersonic vehicle crosses many regimes from rarefied to continuum due to the change in density with altitude during the course of its trajectory through a planet's atmosphere. This variation makes it difficult to simulate the flow since the physical accuracy of computational fluid dynamics ͑CFD͒ can breakdown in rarefied flows and the direct simulation Monte Carlo ͑DSMC͒ method is computationally expensive in continuum flows. It is difficult and expensive to reproduce these varied flow conditions in ground based experiments and flight tests, so there is a need for computational models that can be utilized for design and development of hypersonic vehicles.
The flow can be characterized by the Knudsen number as given in Eq. ͑1͒.
When the Knudsen number is much less than 1, the flow can be considered to be continuum and therefore should be simulated using traditional computational fluid dynamics techniques by numerically solving the Navier-Stokes equations. However, when the Knudsen number becomes larger, the continuum assumption in the Navier-Stokes equations starts to breakdown. This is due to the fact that these equations are derived from kinetic theory based on the assumption of small perturbations from an equilibrium velocity distribution function; 1 therefore, CFD only works in near continuum flows. At higher altitudes, where the density is lower giving a larger Knudsen number, only a noncontinuum technique can be used, such as the DSMC method. 2 In continuum flows over a blunt body, there can be a locally rarefied flow in the shock, the boundary layer, and the wake of the body. As a result, neither CFD nor DSMC can provide a complete computational model across all regimes of a hypersonic vehicle.
In order to identify the areas where the CFD method is in breakdown, the use of a continuum breakdown parameter is needed. Boyd et al. 3 suggested the use of the maximum gradient length local Knudsen number as a continuum breakdown parameter given in Eq. ͑2͒
where the derivative is taken in the direction of maximum gradient and Q is a variable of interest such as density, temperature, or pressure. It has been found that a value of Kn GLL above 0.05 indicates continuum breakdown has occurred.
The DSMC method can be utilized in any dilute gas flow but becomes prohibitively expensive for low Knudsen number flows. In general, a CFD method is an order of magnitude faster than the DSMC method. Therefore, ways to extend the validity of CFD to higher Knudsen numbers are desirable. It has been found that replacing the no-slip boundary condition typically employed in the CFD method with a velocity slip and temperature jump boundary condition can extend the CFD method into the transition regime. 4 However, if the flow is too far from continuum, the slip boundary conditions will not help the CFD method and a DSMC method is required for accurate simulation of the flow.
To be able to design a hypersonic vehicle, it is important to be able to predict the surface properties on the vehicle. In order to do this, one must understand how continuum breakdown affects the surface conditions such as heat flux, pressure and shear stress. These surface conditions determine the aerothermodynamic performance of a reentry vehicle. A previous study by Lofthouse et al. 5 looked at the effect of con-tinuum breakdown on the surface properties of a 12 in. diameter, two-dimensional cylinder in a Mach 10 flow of argon at free stream Knudsen numbers from 0.002 to 0.25. Their study found that as the Knudsen number increased, the level of agreement between CFD and DSMC diverged. A more recent study by Lofthouse et al. 4 examined the effects of velocity slip and temperature jump at the surface of a twodimensional, 12 in. diameter cylinder in Mach 10 and 25 flow of argon for the same free stream Knudsen numbers. In that study, it was found that the higher velocity did not increase the differences between CFD and DSMC. It was also observed that velocity slip and temperature jump boundary conditions improved the agreement between the two numerical methods. Another study by Lofthouse et al. 6 investigated Mach 10 and 25 nitrogen flow over a two-dimensional cylinder. That study was again conducted over a range of Knudsen numbers from continuum to rarefied flow.
The purpose of this work is to accurately characterize the effects of continuum breakdown. This has to be performed by starting out with simple simulations and then adding complexity to determine individual effects on continuum breakdown. The work performed by Lofthouse et al. started this effort by characterizing breakdown over a twodimensional cylinder in a flow of argon and nitrogen. This was recently extended to flow of nitrogen over a 12 in. sphere for Mach 10, 25, and 45 flows to be able to include a geometry that is more representative of reentry vehicles. 7 The present study will continue to examine the effects of continuum breakdown in a Mach 25 flow of reacting air over a 12 in. diameter sphere in flow regimes from continuum to rarefied gas. This adds the complexity of thermal and chemical nonequilibrium. This paper will discuss the simulation procedures as well as the computational models used to perform the simulations. The paper will then discuss the surface properties predicted by CFD and DSMC in reacting air in several different flow regimes. A discussion of general trends observed in the drag, stagnation pressure, and stagnation heat flux follows. Finally, conclusions are discussed.
II. NUMERICAL METHODS
The DSMC simulations are performed using MONACO, a code developed at the University of Michigan by Boyd et al. 8 MONACO is a parallel, unstructured, two-dimensional/threedimensional ͑2D/3D͒ DSMC code and it includes variable vibrational and rotational energy exchange models. The variable hard sphere ͑VHS͒ model 2 is employed in this study. The final mesh used for each simulation is adapted by hand from previous simulations such that the cell size is of the same order as the local mean free path.
For this study, a hybrid mesh, one with both structured and unstructured cells, with cell stretching is utilized. A structured grid with cell stretching is employed along the fore body surface, while an unstructured mesh is used everywhere else in the flow field. This means the cell widths are adapted to be on the order of a mean free path, while the cell heights near the axis are stretched larger than the mean free path. This procedure creates a larger cell volume in this region so more particles can populate the cells near the stagnation point. This is important in axisymmetric simulations where it is difficult to obtain an appropriate number of particles per cell. 9 This does not affect the simulation results because the primary flow gradients along the stagnation line are aligned with the cell widths, which are small enough to properly simulate the flow. The CFD simulations are performed by solving the Navier-Stokes equations by use of the Michigan aerothermodynamic Navier-Stokes code LeMANS, developed at the University of Michigan for the simulation of hypersonic reacting flows. 10, 11 LeMANS is a parallel, unstructured 2D/3D, finite-volume CFD code. LeMANS has the ability to simulate gases in chemical, rotational, and vibrational nonequilibrium. LeMANS has three slip boundary conditions; 4 for this study, Gökçen's slip boundary condition is utilized. A modified Steger-Warming flux vector splitting is employed to discretize the numerical fluxes between cells, which has low dissipation and is appropriate near boundary layers. A line implicit method is employed for the time integration. Even though LeMANS can handle unstructured meshes, all the simulations performed for this study are carried out using structured meshes. For each case, a grid convergence study is performed to determine the final mesh utilized. It is necessary to ensure that the transport properties are the same in both CFD and DSMC. However, since these are simulations of multispecies flows, a mixing rule for the transport properties has to be utilized. There are two different models in the CFD method to calculate the transport properties of gas mixtures. The first utilizes Wilke's mixing rule, 12 using the VHS viscosity model 7 and Eucken's relation for thermal conductivity. The second utilizes Gupta's mixing rule, 13 employing collision cross section data. For high temperature flows, it is suggested 14, 15 to utilize Gupta's mixing rule. Gupta's mixing rule calculates the transport properties from an approximation to the first-order Chapman-Enskog expression utilizing the collision cross sections. The collision integrals utilized in this study can be found in Wright et al. 16 In order to ensure that the transport properties are being handled in the same way in both the DSMC and CFD methods, the viscosity collision integral is utilized to find VHS parameters for DSMC. A linear regression is performed on the logarithm of the viscosity collision integral versus the logarithm of the temperature to calculate the VHS values, which are given in Table I . 
A. Vibrational relaxation
There are two models for the exchange of vibrational and translational energy in DSMC; the first is a phenomenological model as described by Boyd. 17 The probability of an inelastic collision where vibrational energy is exchanged with translational energy is proportional to the inverse of the vibrational relaxation time. This probability is the average over the instantaneous probabilities as shown in Eq. ͑3͒
where ͑g͒ is the instantaneous probability for a given relative velocity and relative velocity distribution function. When the instantaneous probability is integrated over all collisions, it should match the average probability calculated from theory; however, it was found that they do not match. It is thought that the probabilities do not match due to the method of steepest descent required to find the instantaneous probability. It has been found that the probability can better correspond with theory by multiplying by a simple factor that is dependent on the maximum temperature. 6 Unfortunately, this method does not work for multiple species and in fact was only employed for N 2 -N 2 vibrational relaxation. 7 For multiple species, a more elegant solution has been included in the DSMC method to be able to obtain the proper vibrational relaxation rate. The probability for each collision class and each cell is calculated using Eq. ͑3͒. The vibrational relaxation time is calculated by using the Landau-Teller model with correlated experimental data from Millikan and White 18 and a correction proposed by Park. 19 A factor proposed by Gimelshein et al. 20 is needed to be able to utilize this relaxation time in a particle simulation as shown in Eq. ͑4͒ 
͑4͒
This equation can be employed as long as the vibrational temperature is less than the translational temperature, which is the case for hypersonic flows. Note that it also works if the vibrational temperature is slightly greater than the translational temperature. This model implemented in DSMC was shown by Deschenes et al. 21 to match the vibrational relaxation in CFD for nitrogen. Since this model has only been tested with one species, a heat bath of five species air is run with the cell based model and the phenomenological model in DSMC and compared to CFD. The heat bath is started with a translational temperature of 15 000 K, while rotational and vibrational temperatures are started at 10 000 K. From the results of this test, which are displayed in Fig. 1 , it can be seen that the cell based method is in better agreement with CFD than the variable vibration probability.
B. Chemistry models
In hypersonic flows, it is common to have chemical reactions around the reentry vehicle. This study is concerned with simulations of a reentry flow in five species reacting air. Thus, it is important to make sure that the reaction rates calculated in the CFD and DSMC methods are performed in a similar manner. This is done to ensure that any differences seen between the two codes are not due to different reaction rates. The following sections highlight differences in how chemically reacting flow is handled in the two methods and what is done to make both numerical methods behave in a similar manner.
Chemical equilibrium
One of the major differences between the CFD and DSMC methods is how chemical equilibrium is handled. Thus, the first step is making sure the forward and backward reaction rates, and hence the equilibrium constant, are all calculated in a similar manner. First, one needs to understand what happens in the DSMC method.
In the DSMC method, a collision pair is selected and the probability of reaction is compared to a random number. If the probability is greater than the random number, then a reaction occurs. Once a reaction occurs, a Borgnakke-Larsen model is applied to distribute the energy to the available energy modes. There are two models available in MONACO for chemistry: the total collision energy ͑TCE͒ model and the vibrationally favored dissociation ͑VFD͒ model. 22 The VFD model is employed in the DSMC method for this study and a qualitatively similar model is used in the CFD method, as discussed in greater detail in Sec. II B 3. For both the TCE and VFD models, the reaction rate coefficient, forward or backward, must be in modified Arrhenius form. The probability of reaction is found by integration over the equilibrium Boltzmann distribution function as shown in Eq. ͑5͒ where f B is the equilibrium Boltzmann distribution for energy. Since the reaction rate has the modified Arrhenius form, the reaction probability for the VFD model is found to be
where A is a complicated constant not reproduced here, is a constant dependent on the species, 23 = + 0.5+ , and =1+ − . If is set to zero, the TCE model is recovered from the VFD model.
In order to simulate backward reactions with the VFD model, the rate coefficient must be in the modified Arrhenius form. The backward rate coefficients are calculated using the forward rate coefficients and the equilibrium constant, as shown in Eq. ͑7͒
Typically, in the DSMC method, the backward rates are fit to a modified Arrhenius form over a specified temperature range. 24 This can cause problems if a simulation goes outside this temperature range and all the fits need to be redone. It is common in the CFD method to use a line fit proposed by Park 19 to find the equilibrium constant, as given in Eq. ͑8͒. This equilibrium constant is then applied to find the backward reaction rate coefficient
͑8͒
The constants A i are dependent on the number density as given by Park. 19 The constants are found using an interpolation method if the number density is within the range of the data. If the number density falls outside that range, the constants at the highest or lowest points are used accordingly. For DSMC, instead of performing a fit over a limited temperature range, it would be desirable to evaluate the equilibrium constant and then calculate the backward reaction rate coefficients. This can be done by a method suggested by Boyd, 22 which utilizes the equilibrium constant and maintains the modified Arrhenius form required by the DSMC chemistry model. The backward reaction rate coefficient is found by taking the forward reaction rate coefficient ͓Eq. ͑5͔͒ and, substituting into Eq. ͑7͒, one can solve for the backward rate constant as shown in Eq. ͑9͒
͑9͒
This can now be substituted into the modified Arrhenius form and the probability for the backward reaction can be found in the same way as described for the forward reaction. In this method, the forward and backward reaction rate coefficients in DSMC are calculated in a similar manner as CFD, despite the vast differences in the way the chemical reactions are handled in both numerical methods.
Three-temperature model
In Sec. II B 1, the methods for calculating the forward and backward rate coefficients were given, which are utilized in both CFD and DSMC methods. The temperature that is employed in the CFD calculations is Park's two-temperature model, 19 given in Eq. ͑10͒
where a and b are constants that must sum to 1, T tr is the translation-rotational temperature, and T ve is the vibrationalelectron-electronic temperature. The reaction rates are affected by the level of thermal nonequilibrium present in the flow; the two-temperature model is attempting to include the effects of thermal nonequilibrium. By including the vibrational temperature, this model aims to account for the fact that vibrationally excited particles are more likely to dissociate. Values for a and b can vary, but there are two typical sets utilized: a = b = 0.5 or a = 0.7 and b = 0.3. For the backward reaction rate, and hence the equilibrium constant, the temperature utilized is the translation-rotational temperature; therefore a = 1, while b = 0. This is the same for exchange reactions.
In a previous study, a separate rotational energy equation was included into LeMANS, 7 giving it the ability to simulate rotational nonequilibrium. Since there is now a separate rotational temperature, it has to be included in the reaction rates. There can be rotational thermal nonequilibrium; therefore, the temperature employed in the rate calculation is now composed of three temperatures. The need for a so-called three-temperature model is now being recognized as a necessity in chemistry modeling by Park. 25 In this work, a phenomenological temperature model is created based on the two-temperature model
where the a, b, and c values again must sum to 1, T t is the translational temperature, T r is the rotational temperature, and T ve is the vibrational-electron-electronic temperature. There has been research on finding the reaction rates that work best with the two-temperature model. [26] [27] [28] This work cannot produce reaction rates that best match this temperature model, so a method of employing the degrees of freedom is devised. The same emphasis on the vibrational temperature is retained, so c is kept at 0.5. The remaining 0.5 is split over translational and rotational temperatures by the number of degrees of freedom, so that a is set to 0.3 and b is set to 0.2.
For the backward and exchange reactions, the same method is utilized. The temperature utilized for these reactions is the translational temperature. As a result, the value of a is set to 1.0 and both b and c are set to 0. Utilizing this model puts a stronger emphasis on molecules with higher vibrational and rotational energies, allowing the CFD method to include thermal nonequilibrium effects on the reaction rates. It should be noted that when the flow is in rotational equilibrium, this phenomenological three-temperature model reduces to the two-temperature model.
Preferential dissociation
In a further attempt to have the CFD method behave more like the DSMC method with the VFD model, a preferential dissociation model is included in the CFD method. Without the preferential model, it is assumed that the molecules are destroyed or created at the average vibrational energy of the cell. In the preferential model, it is assumed that the molecules are destroyed or created at a higher vibrational energy. This preferential dissociation model is implemented in the source term for the vibrational energy equation, the source term is given in Eq. ͑12͒.
where D s is the dissociation potential for a given species, s is the species conservation source term, and ␣ s is the fraction of the dissociation potential that is due to vibrational energy. The ␣ s value is usually set to 0.3. While this model is typically only applied to vibrational preferential dissociation, in this work it is also applied to rotational preferential dissociation. To be able to have the preferential dissociation model in the CFD method match the DSMC method with the VFD model, data from the DSMC method are utilized to find new ␣ s values. The amount of rotational and vibrational energy lost per reaction is found from DSMC simulations of heat baths and the ␣ s values are given in Fig. 2 . From this figure, it can be seen that at lower temperatures, between 10 000 and 15 000 K, ␣ s is around 0.3, making the original CFD assumption fairly accurate. However, the values grow higher as the temperature rises. In the figure, line fits to the DSMC data are also shown. These line fits are given in Eqs. ͑13͒-͑15͒ To test this model, a heat bath simulation is performed. The reaction rates utilized in this study are given in Table II . The test case considers air starting at a temperature of 15 000 K. Figure 3͑a͒ gives the mole fraction profiles over time for DSMC, the original model and the new chemical equilibrium model, and CFD. It can be seen that both DSMC models compare very well with each other and CFD for a simple five species air model. The largest difference is observed to occur in nitric oxide, where the peak difference is approximately 10% between CFD and DSMC. The temperature profiles from the test case are given in Fig. 3͑b͒ . From this figure, it is seen that the two methods predict similar temperature profiles, with a maximum error of approximately 10% between CFD and DSMC. It should be noted that there is less than 1% difference between the two DSMC implementations. 
From the profiles of mole fraction and temperature, it is clear there are still some differences between CFD and DSMC. To understand these differences, particle data are extracted from the heat bath test case and the probability distribution functions are found. The probability distribution functions are computed by placing particles in bins; usually, this is accomplished by specifying how many bins are desired and then sorting the particles into the bins. In this study, a different approach is utilized, where the number of particles per bin is specified and the width of the bin is variable. 29 The probability is the number of particles in the bin over the width of the bin and normalized by the total number of particles, as given in Eq. ͑16͒ where n is the total number of particles, the numerator is the number of particles in the bin, and the denominator is the width of the bin. To make comparisons to CFD, the particle velocity distributions are compared to the Boltzmann distribution. The Boltzmann distribution 1 for all internal energies is given below
where e j is the energy, T is the temperature associated with the energy mode, g j is the degeneracy, and Q is the partition function of the energy mode. This can be utilized to obtain the Boltzmann distribution for either rotational or vibrational energy. It should be noted that the rotational energy utilizes a continuous version of the Boltzmann distribution, 30 given Eq. ͑18͒
͑18͒
where is the rotational energy and is the number of degrees of freedom associated with the rotational energy mode. Even though this is a heat bath test case, there is still significant vibrational nonequilibrium as can be seen in vibrational energy states faster than the vibrational energy distribution can equilibrate. Notice that the same behavior is not true for rotational energy because rotational relaxation is faster than chemical reactions. Since the vibrational distribution function has a direct impact on the reaction rates ͓see Eq. ͑5͔͒, the vibrational nonequilibrium is the cause of the differences seen in the previous heat bath results. Since the CFD method is not able to simulate this vibrational nonequilibrium, it will not be able to match the reaction rates calculated in the DSMC methods.
III. RESULTS
This study examines continuum breakdown in Mach 25 flows of reacting air over a 12 in. diameter sphere. The free stream temperature is 200 K, giving a free stream velocity of 7108 m/s for air. The surface of the sphere has a fixed temperature of 1500 K. The density of the free stream is varied to change the global Knudsen number of the flow from continuum to a rarefied gas as given in Table III . The Knudsen number is calculated using the diameter of the sphere as the characteristic length and the hard sphere model to calculate the mean free path.
The purpose of this study is to compare surface properties predicted by DSMC and CFD simulations, heat flux, pressure, and shear stress to examine any differences occurring due to continuum breakdown. Additionally, the integrated drag and the maximum heat flux are also compared from DSMC and CFD. The maximum heat flux is found by averaging the heat flux over the surface of the sphere within the first degree of the stagnation point. This is done to be able to determine the maximum heat flux predicted by DSMC, which can have some random noise in the results. Since the CFD solutions are smooth, there is no need for averaging and the maximum heat flux is found by finding the maximum value of the heat flux on the surface of the sphere.
The results that are presented in this paper for the surface aerothermodynamic properties are given as nondimensionalized coefficients which are defined by Eqs. ͑19͒-͑21͒
The surface aerothermodynamic properties are plotted against the surface angle , which is measured from the stagnation point. Five species, reacting air involves 17 reactions, which includes dissociation and exchange reactions; the reaction rates are given in Table II . The integrated drag, peak heat flux, and percent difference between DSMC and CFD are given in Tables IV and V, respectively. Since DSMC is a particle method that works in both the continuum regime and the rarefied regime, it is assumed that the DSMC results are more accurate, so the percent difference is calculated using the DSMC result as the basis.
From these tables, it can be seen that the agreement between CFD and DSMC diverges with growing global Knudsen number. In Secs. III A-III D, the surface properties and gradient length local Knudsen number are discussed in more detail for each case.
A. Kn ؕ = 0.002
Given the global Knudsen number, the flow is expected to be in the continuum regime. However, there are regions of local continuum breakdown in the shock and wake regions as shown in Fig. 5͑a͒ . There is a larger area of continuum breakdown observed in DSMC over CFD in both the shock region and in the wake region behind the sphere.
The surface pressure coefficient is given in Fig. 5͑b͒ , along with the surface profile of Kn GLL . Notice that Kn GLL is above 0.05 for nearly the entire surface, indicating the flow is considered to be in continuum breakdown. Despite the continuum breakdown at the surface, the pressures predicted by DSMC and CFD match very well. The surface heat flux predicted by CFD compares well with DSMC over the fore body of the sphere, as shown in Fig. 6͑a͒ . The divergence in the heat flux between the two numerical methods may be caused by the breakdown on the surface, especially over the aft of the sphere. The shear stress over the surface of the sphere is given in Fig. 6͑b͒ . The shear stress prediction given by CFD compares well with DSMC over the surface, with only slight disagreement in the aft of the sphere.
To determine the level of chemistry occurring in the flow, the mass fractions of each species are given in Fig.  7͑a͒ . It can be seen that in DSMC, trace species diffuse out from behind the shock. This phenomenon can be seen by the discrepancies between CFD and DSMC in mass fraction for nitric oxide, atomic oxygen, and atomic nitrogen that develop in front of the shock. It is unclear if this is a physical phenomenon or numerical problems in DSMC dealing with trace species. From the figure, it can be seen that the mass fractions predicted by the two methods compare well; the only noticeable difference is in the mass fraction for nitric oxide. The temperature and gradient length local Knudsen number profiles along the stagnation streamline are given in Fig. 7͑b͒ . It can be observed that the translational temperature matches well between the two methods. However, the rotational and vibrational temperatures do not match as well.
The overprediction of rotational and vibrational temperatures by CFD as compared to DSMC is an expected result, caused by thermal nonequilibrium. 7 From the profile of Kn GLL , it is seen that the flow is expected to be in the continuum regime as it approaches the wall.
B. Kn ؕ = 0.01
At a global Knudsen number of 0.01, the traditional limit for accurate CFD simulations, there is significant breakdown in the shock, boundary layer, and the wake regions of the flow, as seen in Fig. 8͑a͒ . At this condition, the amount of continuum breakdown is larger in DSMC than in CFD. Notice that the flow is in continuum breakdown all the way from the shock to the surface of the sphere near the stagnation streamline.
The surface pressures computed from the CFD method, with or without slip boundary conditions, compare well with DSMC in the fore body of the sphere, as shown in Fig. 8͑b͒ . However, there is some discrepancy in pressure between CFD and DSMC methods in the aft of the sphere, where the level of breakdown is the greatest. It is interesting to note that the no-slip boundary conditions give the better agreement with DSMC than with slip boundary conditions. This figure also includes the surface profile of the gradient length local Knudsen number, which shows the flow over the entire surface is in continuum breakdown. The heat flux predicted by CFD with no slip is larger than DSMC over the entire surface, as can be seen in Fig. 9͑a͒ . An improvement is seen if slip boundary conditions are employed in the CFD method. At this Knudsen number, the CFD method, with and with out slip boundary conditions, underpredicts the shear stress near the location of the maximum, as shown in Fig.  9͑b͒ . It can also be seen that the CFD method overpredicts DSMC over the aft of the sphere. It is also interesting to note that the CFD method predicts that the peak shear stress occurs slightly later on the surface of the sphere.
To be able to determine the level of chemistry occurring in the flow, the mass fractions of each species are given in Fig. 10͑a͒ . The large discrepancies between CFD and DSMC in mass fraction for nitric oxide, atomic oxygen, and atomic nitrogen that develop moving away from the stagnation point are caused by diffusion in DSMC. From this figure, it can be seen that molecular oxygen has dissociated, while molecular nitrogen has undergone little change. There is a negligible amount of atomic nitrogen and nitric oxide created behind the shock, with peak mass fractions of approximately 0.03 and 0.02, respectively. It is an expected result that molecular oxygen dissociates more easily due to a weaker bond as compared to molecular nitrogen. The profiles for the temperatures and gradient length local Knudsen number along the stagnation streamline are given in Fig. 10͑b͒ . Since DSMC has a thicker shock, it can be seen that the temperature starts rising earlier then CFD. The flow is forced into thermal equilibrium as it moves closer to the wall, but CFD overshoots the DSMC temperatures prior to reaching equilibrium. This phenomenon has been seen in a previous study 7 and is caused by the fact that the flow is in thermal nonequilibrium following the shock. 
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At a global Knudsen number of 0.05, the flow is expected to be outside the continuum regime and in the transition regime. The contours of gradient length local Knudsen number are given in Fig. 11͑a͒ . It can be seen that the gradient length local Knudsen number is over the 0.05 limit, indicating continuum breakdown in the shock and wake.
It can be seen that the CFD method, with or without slip boundary conditions, compares well with the DSMC surface pressure coefficient over the fore body, as shown in Fig.  11͑b͒ . It is interesting to note the CFD with no-slip boundary conditions underpredicts DSMC over the aft body, while CFD with slip overpredicts DSMC. This figure also gives the gradient length local Knudsen number, which shows that at the surface, the value of Kn GLL is over 0.05, indicating the flow is in continuum breakdown. The CFD method overpredicts the heat flux over the entire surface as compared to DSMC, as shown in Fig. 12͑a͒ . There is an improvement in the agreement with DSMC when the slip boundary condition is utilized in the CFD method, but there is still a large disagreement over the aft of the sphere. The shear stress coefficient, given in Fig. 12͑b͒ , is overpredicted by CFD assuming no-slip boundaries as compared to DSMC. However, when a slip boundary condition is employed in the CFD technique, there is better agreement with DSMC for the shear stress coefficient.
There is very little chemistry at this more rarefied condition with peak mass fractions of trace species less than 0.02. The profiles for the temperatures and gradient length local Knudsen number along the stagnation streamline are given in Fig. 13 . Since DSMC has a thicker shock, it can be seen that the temperature starts rising earlier then CFD. The flow is forced toward thermal equilibrium as it moves closer to the wall. However, at this higher Knudsen number, thermal equilibrium is not reached prior to the wall.
D. Kn ؕ = 0.25
The highest global Knudsen number considered in this study is 0.25. At this Knudsen number, the flow is in the rarefied regime, outside the range of where the CFD method should be employed. At this high of a global Knudsen number, the entire flow is in continuum breakdown, as seen in Fig. 14͑a͒ . The shock standoff distance in DSMC is farther out than in CFD, almost twice the distance in DSMC as compared to CFD. At this condition, continuum breakdown has a strong effect on the surface properties. The surface pressure coefficient is given in Fig. 14͑b͒ , along with the surface profile of gradient length local Knudsen number. It is seen that the surface pressure coefficient is overpredicted by CFD with slip boundary conditions as compared to DSMC, while CFD with no slip underpredicts the pressure near the rear stagnation point. The surface heat flux coefficient shows very poor agreement between CFD and DSMC, as shown in Fig. 15͑a͒ . When slip boundary conditions are employed in the CFD method, there is an improvement in the heat flux results as compared to DSMC, but is overpredicted by CFD over the aft of the sphere. The shear stress is overpredicted by CFD without slip as compared to DSMC, as shown in Fig. 15͑b͒ . When slip boundary conditions are implemented in the CFD method, the shear stress is underpredicted over the fore body and overpredicted over the aft body as compared to DSMC. Notice that the location of peak shear stress predicted by CFD with slip is approximately in the same location as DSMC, while the location predicted by CFD without slip occurs further back on the surface of the sphere.
The temperature and gradient length local Knudsen number profiles along the stagnation streamline are given in Fig. 16 . It is interesting to note that at this global Knudsen number, the rotational and vibrational temperatures are small in comparison with the translational temperature. Since there are very few collisions, the gas never achieves thermal equilibrium. This also has the effect of limiting the amount of chemical reactions that take place in the flow, which is the reason there is almost zero dissociation in this case. 
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IV. OVERALL TRENDS
This section examines the stagnation pressure coefficient, the stagnation heat flux coefficient, and the drag coefficient for all cases presented in this study. This comparison is performed to be able to more easily discern the fundamental trends seen in CFD and DSMC in the cases presented in this work.
A. Drag coefficient
The integrated drag can be utilized to find the coefficient of drag, as given in Eq. ͑22͒
where D is the integrated drag, is the density, U is the velocity, ϱ indicates free stream conditions, and A is the surface area. The coefficient of drag for each case as predicted by the CFD method, the CFD procedure with slip boundary conditions and the DSMC technique are given in Fig. 17 . The upper limit is found to be 2 using free molecular theory 31 and the lower limit is found to be 0.95 from experimental results. 32 From this figure, it can be seen that all cases are in good agreement at the lower Knudsen numbers. At Knudsen numbers higher than 0.05, the CFD method predicts the drag coefficient to be higher than the upper limit, verifying that the CFD method is only accurate in near continuum flow. It can also be observed that the CFD method with slip boundary conditions improves the agreement with DSMC. The DSMC predicted values of drag coefficient are bound by the limits and approach the upper limit as the Knudsen number increases.
B. Stagnation pressure coefficient
It was observed that the surface pressure was least affected by continuum breakdown, as it usually agreed well between the two numerical methods. However, the surface pressure at the stagnation point did vary with the Knudsen number as shown in Fig. 18 .
In this figure, the stagnation pressure coefficient from DSMC and CFD, with and without slip boundary conditions, are compared. The upper limit is found to be 2.01 using free molecular theory and the lower limit is found to be 1.825 in the inviscid limit. At lower Knudsen numbers, all the methods are in good agreement. However, as the Knudsen number increases, the agreement between the CFD method and the DSMC method diverges. At Knudsen numbers larger than 0.05, the CFD method predicts a stagnation pressure coefficient larger than the upper limit. From the figure, it can be observed that the CFD method utilizing slip boundary conditions improves agreement with the DSMC prediction of the stagnation pressure coefficient. It is interesting to note that when the CFD method is past breakdown, it tends to overpredict DSMC, while the CFD method with slip boundary conditions is unpredictable. Enforcing the no-slip boundary condition will always give higher gradients at the wall and hence CFD will always overpredict DSMC when in continuum breakdown. However, when the slip boundary condition is utilized, the values of velocity and temperature jump at the wall are now nonzero, causing the gradient at the wall to decrease, giving a better comparison to DSMC. It can be observed from this figure that the DSMC prediction of the stagnation coefficient of pressure is bounded by the limits and is approaching the upper limit with increasing Knudsen number.
C. Stagnation Heat Rate Coefficient
The maximum heat flux occurs at or near the stagnation point. The stagnation coefficient of heat flux for each case as predicted by the CFD method, the CFD procedure with slip boundary conditions, and the DSMC technique are given in Fig. 19 .
In this figure, the stagnation heat flux coefficient from DSMC and CFD, with and without slip boundary conditions, are compared. The upper limit is found to be 1 using free molecular theory and the lower limit is found to be 0.09 using a Fay-Riddell analysis. 33 At lower Knudsen numbers, all the methods are in good agreement and are very close to the lower limit. As the Knudsen number increases, the disparity between the values predicted by the CFD and DSMC methods widen. At Knudsen numbers larger than 0.05, the CFD method predicts stagnation heat flux coefficients to be larger than the upper limit. Implementation of slip boundary conditions in the CFD method improves the agreement with DSMC in all cases. From the figure, it can be observed that the DSMC method stays bounded within the limits and approaches the upper limit with increasing Knudsen number.
While slip boundary conditions can allow CFD to be run at higher Knudsen numbers, it will still succumb to continuum breakdown because it only attempts to fix this problem at the surface. Continuum breakdown happens in the flow field, most notably in the shock and wake of a hypersonic object. The shear stress and heat flux are assumed to be linear functions of macroscopic flow gradients. In noncon- 
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Effects of continuum breakdown on hypersonic Phys. Fluids 23, 027101 ͑2011͒ tinuum flow, these gradients can occur over a few mean free paths, making the linear assumption invalid. Mass, momentum, and energy are physically carried by particles and transferred from particle to particle through collisions, which may be a completely nonlinear process. This means that at higher Knudsen numbers, CFD with or without slip boundary conditions will not be able to accurately predict the environment around the vehicle, including the surface properties. This is clearly seen in the stagnation pressure coefficient where there is good agreement between CFD and DSMC up until a Knudsen number of 0.25.
V. CONCLUSIONS
This study investigated the effects of continuum breakdown on the surface aerothermodynamic properties ͑pres-sure, stress, and heat transfer rate͒ in Mach 25 flow of reacting air over a 12 in. diameter sphere in flow regimes varying from continuum to rarefied. This investigation added the complexity of thermochemical nonequilibrium to earlier studies. However, before these simulations were run, the chemistry models in both numerical techniques were investigated to ensure they agree as well as possible. A threetemperature model was introduced into the CFD method for the chemical rate calculations to be able to include the rotational temperature in the rate calculations. The preferential dissociation model was modified to not only include rotational as well as vibrational energy, but also data extracted from the DSMC method. Finally, a chemical equilibrium model was included in the DSMC method to ensure that the reverse chemical rates are calculated in the same manner as the CFD method. Differences in peak heat flux and integrated drag between CFD and DSMC were observed to grow with growing global Knudsen number. When slip boundary conditions were employed in the CFD method, the agreement with DSMC improved. It was found that at higher Knudsen numbers, the effects of chemically reacting flow on continuum breakdown and the surface properties of a hypersonic body were almost nonexistent. This is due to the diffuse nature of the gas at high Knudsen numbers, where collisions are infrequent and reactions are even more rare. It was found that at lower Knudsen numbers, the flow has a significant amount of chemistry occurring in the flow field.
This study summarized the trends seen in the results by examining the stagnation pressure coefficient, the stagnation heat flux coefficient, and the drag coefficient for all cases presented in this work. These comparisons are performed to be able to easily discern the fundamental differences seen in CFD and DSMC simulations presented in this study. It was seen in all three properties that the CFD method overpredicted the upper limit as the Knudsen number increased. The reason for this is due to the fact that heat flux and shear stress are directly dependent on gradients at the wall, while pressure is calculated from primitive variables, temperature and density, that do not require additional gradients. These gradients are always overpredicted in CFD, with no-slip boundary conditions, as compared to DSMC. Slip boundary conditions allow velocity and temperature jump at the surface to be nonzero, decreasing the gradients at the wall lowering the integrated drag and peak heating giving better comparisons to DSMC. The predictions by the DSMC method are always bounded by the upper and lower limits. 
